BACKGROUND: It is postulated that obstructive sleep apnea (OSA) is a risk factor for the development of depression. However, obesity and excessive daytime sleepiness (EDS) are associated with both OSA and depression. The goal of this study was to examine the relative contribution of OSA, obesity and EDS to incident depression. METHODS: A representative random sample of 1137 adults without depression from the Penn State Adult Cohort was followed up after 7.5 years. All subjects underwent a full medical examination and polysomnography at baseline. OSA was defined as an apnea/ hypopnea index (AHI) ⩾ 5, overweight as a body mass index (BMI) of 25-29.9 kg m −2 , obesity as a BMI ⩾ 30 kg m −2 and EDS as moderate-to-severe drowsiness/sleepiness and/or irresistible sleep attacks. RESULTS: Overweight, obesity and EDS were associated with incident depression, whereas OSA alone was not. Overweight was associated with incident depression in women, while obesity and EDS were associated with incident depression in both genders. The association of overweight and obesity with incident depression was independent of premorbid emotional distress, while that of EDS was not. The association between BMI and EDS with incident depression was stronger in women 20-40 years old. The severity of EDS predicted incident depression in those with OSA, while AHI or oxygen desaturation did not. CONCLUSIONS: Overweight, obesity and EDS are the main predictors of incident depression. Obesity may be linked to depression through psychobiological mechanisms, while EDS may be an early sign of depression. Obesity should be a target of our preventative strategies for depression.
INTRODUCTION
Depression is a highly prevalent psychiatric disorder associated with significant morbidity and mortality. [1] [2] [3] Sleep and sleep disorders have been associated with depression in clinical and population studies. [4] [5] [6] However, information from longitudinal population-based studies on incident depression that have included polysomnographic data is very limited. Few epidemiologic studies have examined the association of obstructive sleep apnea (OSA) with depression and their results have been modest and inconsistent. 5 While cross-sectional clinical studies have found a higher frequency of depressive symptoms and depression in patients with OSA, 5 only one population-based study to date has examined the longitudinal association of OSA with depression. 7 Furthermore, these studies have not systematically examined the role of obesity and excessive daytime sleepiness (EDS), factors frequently associated with OSA, in the association of OSA with incident depression.
Obesity, particularly central obesity as measured by visceral adiposity, is considered a key etiopathogenic mechanism of OSA and its cardinal symptom of EDS. 8, 9 Moreover, obesity is a risk factor for depression 10 and is independently associated with EDS; [11] [12] [13] [14] [15] in fact, the association of obesity with EDS is stronger than that of OSA per se or of measures of its severity, such as the number of apneas or degree of oxygen desaturation. [11] [12] [13] [14] [15] This is important because depression has been shown to be associated with EDS both in cross-sectional 11 and longitudinal studies, 14 which suggests a potential bidirectional association between EDS and depression. Given the lack of population-based studies examining the association of OSA, obesity, and EDS with the development of depression, the aim of this longitudinal study was to test the predictive role and relative contribution of OSA, body weight and EDS for incident depression in a large random, general population sample.
METHODS AND MATERIALS Participants
The data presented here were collected as part of a population-based study of sleep disorders, which used a two-phase protocol to recruit participants from various age groups. 11, [16] [17] [18] Please see Figure 1 for details on the sampling procedure and response rates. Of the 1741 subjects who completed the sleep laboratory evaluation (phase II) and gave written informed consent, 1395 subjects were followed up after an average duration of 7.5 years via telephone interview. [19] [20] [21] [22] After complete description of the follow-up study to the subjects, verbal informed consent was obtained. The whole study procedure was approved by the Penn State University's Institutional Review Board. Figure 1 shows the participant flow in the present study.
Definition of incident depression
For the purposes of the current study, the presence of depression at baseline was defined by a self-report of a current or past (i.e., lifetime) history of physician diagnosis or treatment of depression, based on a standardized questionnaire completed by the subjects on the evening of their sleep laboratory visit. 23 Commensurate with the baseline definition, depression at follow-up was defined by a self-report of a current or past (i.e., since baseline) history of physician diagnosis or treatment of depression taken through telephone interview. Of the 1395 subjects who were followed up, 1137 did not have depression at baseline and were selected for the present study. A total of 168 subjects were incident cases of depression, whereas 969 did not have depression at follow-up (see Figure 1 ).
Predictors of interest
All subjects were evaluated for one night in the sleep laboratory in soundattenuated, light-and temperature-controlled rooms. During this evaluation, each subject was continuously monitored for 8 h (fixed-time period) using 16-channel polysomnography, including electroencephalogram, electrooculogram and electromyogram. Bedtimes were adjusted to conform to subjects' usual bedtimes, and subjects were recorded between 2200-2300 and 0600-0700 hours. The sleep recordings were subsequently scored independently, according to Rechtschaffen and Kales criteria. 24 Respiration was monitored throughout the night by use of thermocouples at the nose and mouth and thoracic strain gauges. All-night recordings of hemoglobin oxygen saturation (SpO 2 ) were obtained with an oximeter attached to the finger. Apnea was considered present if a breath cessation exceeded 10 s and each apnea was categorized in terms of obstructive (chest wall movement present) or central (chest wall movement absent). In addition, hypopnea was considered present when a reduction in airflow of approximately 50% was indicated at the nose or mouth and was associated with a reduction of 4% arterial blood oxygen saturation. 17, 18 The presence of OSA was defined as an obstructive apnea/hypopnea index (OHI) ⩾ 5 events per hour of sleep.
Body mass index was based on measured height (cm) and weight (kg) during the subjects' sleep laboratory visit. Overweight and obesity were defined as a BMI of 25-29.9 kg m −2 and BMI ⩾ 30 kg m −2 , respectively. 15, 23, 25 Commensurate with our previous studies, 11, 15 the presence of EDS was established based on a moderate-to-severe self-report of daytime drowsiness or sleepiness occurring most of the day ('Do you feel drowsy or sleepy most of the day but manage to stay awake?') and/or irresistible daytime sleep attacks ('Do you have any irresistible sleep attacks during the day?'). Each question was answered on a 4-point Likert scale (0 = none, 1 = mild, 2 = moderate and 3 = severe), and the presence of EDS was defined as a moderate or severe report to either of the two questions.
Other measurements
The presence of other sleep, physical and mental health problems as well as substance use was also ascertained in the standardized questionnaire at baseline. The presence of sleep difficulty was established on three levels of severity: normal sleep, poor sleep and insomnia, as reported elsewhere. 15, 16, 19, [20] [21] [22] [23] [26] [27] [28] [29] [30] As part of the standardized questionnaire and physical examination we ascertained whether the subject had a lifetime or current history of physical health problems (i.e., allergies/asthma, anemia, birth defect, cancer or tumor, colitis, encephalitis, epilepsy, heart disease, kidney or bladder problems, migraine, Parkinson's, rheumatism, stroke, thyroid problems, ulcer), including the presence of hypertension, defined by a self-report of use of antihypertensive medication or a diastolic blood pressure of ⩾ 90 mmHg and/or a systolic blood pressure of ⩾ 140 mmHg taken during the evening of the sleep lab evaluation, 26 and diabetes, defined by a self-report of being treated for diabetes or having a fasting blood glucose levels ⩾ 126 mg dl −1 from blood drawn in the morning after the subject's sleep lab evaluation. 27 A lifetime or current history of other mental health problems (i.e., alcohol use disorder, drug use disorder, loneliness, marital problems, suicide attempts and suicide thoughts) was also ascertained at baseline. Participants' daily caffeine (number of cups per day), tobacco (number of cigarettes per day) and alcohol (number of drinks per day) consumption was also ascertained at baseline. The level of emotional stress was measured by the Minnesota Multiphasic Personality Inventory-2. 31 T scores with a mean of 50 and a standard deviation (s.d.) of 10 are generated for the eight major clinical scales. Scores ⩾ 65 (1.5s.d. above the mean) indicate a significant deviation from the original normal standardization pattern of responding and suggested an elevation at a clinically significant level. 31 
Statistical analyses
The current study focuses on 1137 individuals without depression at baseline. First, descriptive univariate analyses examined the incidence of depression in the overall sample as well as stratified by gender and age across predictors of interest, that is, overweight (n = 398), obesity (n = 570), OSA (n = 235) and EDS (n = 143). Second, logistic regression models were used to test potential significant interactions between demographic characteristics (i.e., gender and age) and the predictors of interest as well as between each other (i.e., BMI, OSA and EDS). Third, multivariable logistic regression models examined the independent association and relative contribution of overweight, obesity, OSA and EDS in predicting incident depression after progressively adjusting for potential confounders. Fourth, multivariable logistic regression models examined the relative contribution and independent association of overweight or obesity, OSA, and EDS in predicting incident depression after progressively adjusting for potential confounders in men and women separately. Finally, given that EDS is a cardinal symptom of OSA, 11 the role of the severity of daytime sleepiness (i.e., none, mild, moderate and severe) as well as that of apnea/hypopnea index (AHI) and SpO2 in predicting incident depression within individuals with OSA was also examined in a multivariable logistic regression model. All analyses were conducted with SPSS version 21.0 (IBM Corp., Armonk, NY, USA).
RESULTS
The final study sample of individuals without depression at baseline was comprised of 1137 adults (49.3 ± 13.3 years), of whom 48% were females and 94% Caucasian. The overall incidence of depression was 15% and the demographic, behavioral and clinical Table 1 . As shown in Table 2 , obesity was a significant predictor of incident depression (OR = 2.44, 95% CI = 1.36-4.39, P = 0.003). Overweight was also a significant predictor of incident depression in women (OR = 2.13, 95% CI = 1.02-4.43, P = 0.044), which suggested that the relationship between body weight and the incidence of depression was gender-specific ( Figure 2a ). Furthermore, we found a significant interaction between BMI and age on the incidence of depression (P = 0.016), that is, for an increase of BMI by one unit, the risk of incident depression was greater among the younger individuals than in the older ones. In fact, the interaction between BMI and age was significant in women (P = 0.035) but not in men (P = 0.461), which further indicated that the relationship of overweight and obesity with the incidence of depression was gender-specific and age-dependent. As shown in Figure 2b , the incidence of depression in obese women was highest in younger adults (39.0%), plateaued in middle-aged (26.1%) and decreased in older adults (15.8%), while the incidence of depression in overweight women was significantly higher than in normal weight women (P = 0.041) but did not significantly change as a function of age (25% vs 25% vs 23% for overweight young, middle-age and older women, respectively). In contrast, the incidence of depression in obese men was significantly higher than in normal weight men (P = 0.051) but did not significantly change as a function of age (10% vs 9% vs 11% for obese young, middle-age and older men, respectively).
As shown in Table 2 , EDS was also a significant predictor of incident depression (OR = 2.41, 95% CI = 1.59-3.64, P = 0.00003) in both men (OR = 2.61, 95% CI = 1.17-5.84, P = 0.019) and women (OR = 2.44, 95% CI = 1.47-4.06, P = 0.001). Similarly to BMI, we found a significant interaction between EDS and age on incident depression in women (P = 0.033), but not in men (P = 0.957), that is, the risk of incident depression associated with EDS was greater among younger women than older women. As shown in Figure 2c , the incidence of depression in women with EDS was highest among young adults (71.4%) than in middle-aged (34.1%) or older (20.0%) adults. In contrast, the incidence of depression in men with EDS was greater among older (16.7%) and middle-aged (15.0%) adults than in young (7.7%) adults.
Multivariable logistic regression models indicated that the association of BMI (OR = 2.07, 95% CI = 1.08-3.96, P = 0.029 and OR = 2.03, 95% CI = 1.09-3.78, P = 0.026, for overweight and obesity, respectively) and EDS (OR = 1.87, 95% CI = 1.18-2.99, P = 0.008) with incident depression was independent of multiple potential confounders (Table 3) . Interestingly, the association of overweight (OR = 2.12, 95% CI = 1.0-4.50, P = 0.051) and obesity (OR = 2.12, 95% CI = 1.03-4.37, P = 0.042) with incident depression remained significant even after further adjusting for premorbid emotional distress, as measured by Minnesota Multiphasic Personality Inventory number of elevations at baseline; however, EDS became nonsignificantly associated with incident depression after such adjustment (OR = 1.29, 95% CI = 0.73-2.28, P = 0.384).
Given the gender-specific association observed above, we examined the multivariable association of BMI, EDS and OSA with incident depression while stratifying by gender. As shown in Table 4 , these multivariable logistic regression models replicated the findings in the overall sample (Table 3) , with the exception of All data are incidence (%) of depression across all levels of predictor variables in the overall sample and in men and women as well as in young, middle-aged and older adults. Abbreviations: BMI, body mass index; EDS, excessive daytime sleepiness; OSA, obstructive sleep apnea. T P ⩽ 0.10; *P ⩽ 0.05; **P ⩽ 0.01. marginally significant trends for EDS when physical or mental health problems were included in the models. Of note, these stratified models should be interpreted with caution given the small number of men who developed depression (n = 36). Furthermore, we stratified these multivariable logistic regression models by age groups of young (⩽40 years), middle-aged (41-59 years) and older (⩾60 years) adults. These multivariable regression models showed that obesity was significantly associated with incident depression in young adults (OR = 3.85, 95% CI = 1.20-12.30, P = 0.023) but not in middle-aged (OR = 1.96, 95% CI = 0.79-4.90, P = 0.148) or older (OR = 1.87, 95% CI = 0.53-6.56, P = 0.330) adults, while EDS was significantly associated with incident depression in young Figure 2 . Incidence of depression associated with body mass index and excessive daytime sleepiness: effects of gender and age. Please note that the vertical axes are in a different scale for men and women given the strong gender difference as mentioned below. (a) the incidence of depression reached statistical significance at the obese cutoff (BMI ⩾ 30) in men, while the incidence of depression reached statistical significance at the overweight cutoff (BMI ⩾ 25) in women. The incidence of depression associated with EDS reached statistical significance in both men and women (see Results). (b) The incidence of depression in obese women increased as a function of age, while the incidence of depression was significantly increased in overweight women regardless of age. In men, the incidence depression was significantly higher in the obese than in normal weight and did not change as a function of age. Furthermore, the incidence of depression in women with EDS increased as a function of younger age; conversely, the order was reversed in men with EDS, such that the incidence of depression was greatest in older and middle-aged men.
(OR = 5.00, 95% CI = 1.77-14.08, P = 0.002) and middle-aged (OR = 2.04, 95% CI = 1.13-3.68, P = 0.018) adults but not in older adults (OR = 1.67, 95% CI = 0.63-4.43, P = 0.305).
OSA was not significantly associated with increased odds of incident depression in the univariate analysis presented in Table 2 (OR = 0.74, 95% CI = 0.48-1.14, P = 0.167) and remained nonsignificantly associated with incident depression in all the multivariable-adjusted regression models in the overall sample (Table 3) as well as when stratified by gender (Table 4 ) or young, middle-aged and older adult groups (P-value for OSA by age interaction = 0.222). These results remained similar and in the same direction even when different cutoffs to define OSA were used; specifically, as compared to those with AHIo5, the multivariableadjusted OR (95% CI) of incident depression in those with AHI 5-14.9, AHI 15-29.9 and AHI ⩾ 30 were 1.11 (0.62-2.01, P = 0.718), 0.76 (0.33-1.77, P = 0.530) and 1.11 (0.40-3.06, P = 0.845), respectively. Moreover, no significant interaction was found between OSA and BMI (P = 0.512) on incident depression; of note, however, only 8.1% of individuals with OSA were normal weight, while the vast majority was overweight (30.2%) or obese (61.7%). In individuals with OSA, multivariable regression models showed that female gender (OR = 4.95, 95% CI = 1.46-16.7, P = 0.010) and the severity of EDS were significant predictors of incident depression (OR = 2.00, 95% CI = 1.08-3.71, P = 0.027); in contrast, neither AHI (OR = 1.00, 95% CI = 0.99-1.02, P = 0.633) or SpO 2 (OR = 0.99, 95% CI = 0.95-1.03, P = 0.569), markers of the severity of sleep-disordered breathing, were significantly associated with incident depression in individuals with OSA.
DISCUSSION
This study shows that obesity and daytime sleepiness are strong predictors of incident depression. Importantly, female gender is not only a strong predictor of incident depression but an important modifier of the relationship between overweight and incident depression. Furthermore, the incidence of depression associated with overweight, obesity and EDS in men and women is significantly age-dependent so that (1) overweight is associated with increased risk of incident depression from young through older adulthood in women, (2) obesity is associated with incident depression in young adult women and such association decreases with age, (3) obesity, but not overweight, is associated with incident depression from young through older adulthood in men, and (4) EDS is associated with incident depression in young adult women and such association decreases with age. Finally, this study also showed that the severity of EDS, but not the severity of disordered breathing, predicts incident depression in those with OSA.
OSA as a predictor of depression
Despite clinical studies showing a higher frequency of depressive symptoms in patients with OSA, cross-sectional population-based studies have reported modest and inconsistent effects. 5 Moreover, only one population-based longitudinal study reported an increased risk of depression associated with incident or worsened OSA over a 4-year follow-up period. 7 In the overall sample, we did not find a significant association between baseline OSA and incident depression. A possible explanation of these seemingly discrepant findings could be that incident or worsened OSA is associated with weight gain, 32 a known risk factor for incident depression. 10, 33 Together, these studies suggest that OSA and depression are likely to coexist given their mutual association with weight gain, but that OSA alone may not be a premorbid predictor of incident depression. There is the possibility that those individuals with a longer history of OSA who also had depression at baseline and were excluded from this incident cohort may have had a significantly higher prevalence of depression; however, a cross-sectional analysis at baseline (N = 1741) indicated that the prevalence of depression was similar (P = 0.161) in those with (18.3%) and without OSA (21.8%). The only relevant factors found to be associated with incident depression in individuals with OSA were female gender, which is known to double the risk of depression in the general population, and the severity of EDS. This latter finding is consistent with previous studies showing that EDS and depression predict each other, 11, 15 particularly in sleep apneics. 34 Importantly, the vast majority of OSA participants were overweight or obese (91.9%), which may explain the high rates of depressive symptoms or depression found in clinical samples of patients with OSA, as discussed below.
Overweight and obesity as predictors of depression We found that overweight and obesity were strong predictors of incident depression, a finding that is consistent with previous studies. 10 A novel finding of this study is that gender is a significant modifier of the relationship between body mass index and incident depression. We found that obesity significantly increased the risk of incident depression in both women and men, whereas overweight does so only in women. Psychosocial factors may be a potential mechanism explaining this gender-specific relationship; for example, the increased social pressure towards lean body shapes in women that may impact perceived body shape and associated self-esteem may put women at risk of developing depression at lower levels of body weight (i.e., overweight). Given the known association of depression with changes in the stress (i.e., hypothalamic-pituitary-adrenal axis) 35, 36 and immune (i.e., chronic low-grade inflammation) 37,38 systems, it needs to be further investigated whether overweight women may be experiencing metabolic and/or inflammatory changes predisposing them to depression, which is consistent with our findings that overweight and obesity increased the risk of incident depression independent of premorbid emotional distress.
Furthermore, the incidence of depression associated with BMI was significantly age-dependent. We found that the incidence of depression in overweight women remained significantly elevated and stable from young to older adulthood, whereas the incidence of depression in obese women peaked in young adulthood, plateau in middle-age (to the incidence rate found in overweight women) and decreased in older adults. These data indicate that young obese women should be a priority in the prevention of depression and that educational as well as therapeutic efforts should be put on this more vulnerable group. It is likely that combined multifactorial strategies addressing obesity as well as cognitive-emotional and behavioral factors as early as childhood may improve the prevention of depression and other morbidity associated with obesity in young women.
In contrast, overweight was not significantly associated with incident depression in men. This finding gives some support to the potential effect of psychosocial factors in the development of depression in overweight women vs men (e.g., there is a higher social acceptance of overweight men, men are less likely to base their self-esteem on body shape and men are less socially targeted in terms of expectations of body shape). However, obesity was indeed a significant predictor of incident depression also in men and this association was stable from young to older adulthood and independent of premorbid emotional distress. These data suggest that cognitive-emotional (i.e., self-efficacy or self-worth based on difficulty meeting typical male expectations in areas such as work, family and sex may contribute to negative affect and feelings of worthlessness) and behavioral (i.e., sedentary and physical inactivity) 39 factors as well as metabolic and/or inflammatory [35] [36] [37] [38] ones associated with obesity may be potential mechanisms of the increased incidence of depression in obese men.
EDS as a predictor of depression
Previous cross-sectional and longitudinal studies have shown that EDS is associated with prevalent and incident depression. 11, [40] [41] [42] [43] From a clinical point of view, our findings and those of previous longitudinal studies 42, 43 suggest that there is a bidirectional relationship between EDS and depression. In the present study the association of EDS with incident depression was partially explained by premorbid emotional distress, which suggests that EDS may be an early clinical sign of depression. Similarly to overweight and obesity, a potential mechanisms for the association of EDS with incident depression may be physical inactivity, limited engagement in mastery activities and sedentary lifestyle. This cyclical relationship between EDS and physical inactivity may contribute to the onset of clinically depressed mood. Alternatively, there is the possibility that individuals with EDS may have been given a diagnosis of depression when their symptoms, such as lack of interest and motivation, would have been more accurately captured as sequelae of EDS, rather than depression per se. From another pathophysiological point of view, the data on the association of EDS with chronic low-grade inflammation [12] [13] [14] 44 suggest that EDS, associated or not with OSA, [45] [46] [47] may be an early sign of low-grade inflammation predisposing to depression. 37 Future population-based studies should examine the role of inflammatory markers in the association of EDS and OSA with incident depression. In summary, as EDS may be an early sign of depression with multiple contributing factors, it appears that it should be assessed and treated with cognitive-behavioral or pharmacological treatments to help prevent the onset of a major depressive episode. 
Sleep apnea and incident depression
Limitations Some limitations should be taken into account when interpreting our results. First, our definition of depression was based on a selfreport of physician diagnosis or treatment for depression. We did not use a structured clinical interview to diagnose depression or a standardized questionnaire assessing the severity of depressive symptoms. However, the prevalence (17%), incidence (15%), gender-related and age-related rates of depression in the Penn State Adult Cohort 19, 23, [27] [28] [29] are consistent with those of previous population-based studies, [48] [49] [50] [51] [52] which increases our confidence about the replicability and generalizability of our findings. The consistency of our results with those of a previous meta-analysis 10 in terms of overall incidence rate of depression in those who are overweight and obese, as well as the dose-response of weight, increases our confidence about the replicability and generalizability of the present findings. Second, we did not ascertain EDS using standardized questionnaires or physiologic measures of daytime sleep propensity, that is, multiple sleep latency test. Despite the limitations of using two items to ascertain the complaint of EDS, these items specifically referred to two core symptoms used in the diagnosis of hypersomnia (sleepiness or drowsiness and irresistible sleep attacks) and capture the complaints typically expressed by patients. 1 Importantly, the prevalence estimate in the Penn State Cohort using this definition of EDS 11 is consistent with that of other population-based studies, where the complaint of EDS is defined based on severity criteria. 53, 54 Third, our analyses on the role of clinical factors predicting incident depression within individuals with OSA may lack power because of the small number of OSA subjects who developed depression (n = 28). Future studies should examine the incidence of depression using a larger population-based sample of individuals with OSA.
CONCLUSION
In summary, overweight, obesity and EDS, with or without OSA, are independent predictors of incident depression. The treatment of overweight and obesity as well as EDS should become a priority in the prevention of depression.
